Salmonella outbreaks from contaminated water and nonanimal foods (e.g., produce) are increasingly reported. To address the environment as a potential source of pathogenic Salmonella, we investigated levels of salmonellae and the geographic and temporal variation of Salmonella serotypes from surface waters in a region of Georgia ( ; concentrations were significantly higher in the summer months compared to other seasons (P < 0.05). Concentrations were not significantly different between stations. Levels of salmonellae were correlated with average daily watershed rainfall for the 1 and 2 days preceding each sample collection (r ‫؍‬ 0.77 and 0.68, respectively; P < 0.005). Additionally, water temperature was also positively associated with total Salmonella levels (r ‫؍‬ 0.44; P < 0.05). In total, 13 S. enterica serotypes were identified among 197 Salmonella isolates. Eighty (40.6%) were identified as S. enterica subsp. arizonae. Muenchen and Rubislaw were the most frequently identified serotypes of the remaining 117 isolates (28 and 26 isolates, respectively). Serotype diversity peaked in the summer, with 9 serotypes observed in August compared to only one serotype (S. enterica subsp. arizonae) observed in April (2005 and 2006) (P < 0.05). Furthermore, all samples collected in August (6/6) contained multiple serotypes (two to five per sample). The results of this study suggest that Salmonella abundance and diversity in the environment vary temporally and are strongly influenced by seasonal precipitation and water temperature.
The Salmonella genus consists of two separate species, Salmonella bongori and Salmonella enterica, and encompasses over 2,500 known serotypes, all of which are considered potential human pathogens (5) ; however, the majority of human and warm-blooded animal Salmonella infections (ϳ99%) are caused by relatively few serotypes of Salmonella enterica subsp. enterica (13) . Additionally, most Salmonella serotypes must be introduced into human populations from exposure to contaminated foods, soil, water, or animal contact (6, 22, 29, 39, 52, 62) .
Although salmonellosis traditionally has been thought of as an animal-origin food-borne disease, many cases and outbreaks have not been linked to any verifiable food sources (1, 19, 25, 33) . In addition, recent outbreaks resulting from water and produce contaminated with Salmonella confirm environmental sources of Salmonella contribute to human illness (8, 40, 60) and are consequently now being increasingly investigated as a potentially significant reservoir of Salmonella transmission (52) .
The ubiquitous nature of Salmonella and its widespread occurrence in both freshwaters and marine waters suggest that transmission in the aquatic environment from water consumption, contact, or the consumption of food treated with or harvested in contaminated water is highly probable (10, 34, 37, 52) . The presence of clinically relevant Salmonella serotypes in natural waters has been well documented (12, 38, 56) , and isolation patterns of serotypes in water follow patterns of infection among humans and local fauna, suggesting a local terrestrial origin (2, 7, 43) . Sources may vary between wildlife (16, 28, 50) , domesticated animals (30, 49) , and humans (31), depending on the local land use and waste management facilities. Moreover, Salmonella has been demonstrated to remain viable for longer than many other enteric bacteria in freshwaters (17, 63) , suggesting that the aquatic environment may represent a relatively stable environment for these bacteria, thus increasing the probability of environmental exposure.
Cases of salmonellosis follow typical seasonal patterns, with the highest rates noted in summer months (42) . Weather or climate variability may be a factor in this seasonality. In particular, precipitation or storm events may mobilize pathogens from agricultural and urban environments as well as on-site sewage disposal systems and subsequently transport them into the aquatic environment (36, 38, 44) . Thus, seasonal changes in weather (i.e., temperature and precipitation) along with seasonal changes in carriage rates of Salmonella in local human and fauna populations may influence waterborne Salmonella densities and ultimately exposure to Salmonella from the aquatic environment. Understanding the environmental parameters that influence Salmonella loading into aquatic ecosystems is important in predicting and preventing waterborne transmission of this pathogen. Here, we investigated temporal trends and drivers in Salmonella concentrations and serotype distribution and diversity in the coastal plain of southern Georgia, United States, a region that consistently leads the state in salmonellosis case rates (Ͼ50/100,000 in 2007) (26, 27) .
MATERIALS AND METHODS
Sampling area. Water samples were collected within the 334-km 2 Little River watershed spanning Tift, Turner, and Worth counties located within the Suwannee River Basin of the coastal plain of south Georgia (Fig. 1) . The topography is generally flat with meandering streams (11) . This watershed receives approximately 120 cm of rainfall each year (55) . Precipitation is generally highest in the summer months, but stream flow is at its lowest during this time of year due to high levels of evapotranspiration from croplands (9) . Soils in the region range from loamy sands to sandy loams (55) . Surface water and shallow groundwater (an unconfined surficial aquifer that is present throughout the southeastern coastal plain) were described by Bosch (9) as being "substantially interconnected," especially during and after periods of precipitation. The surficial aquifer ranges in thickness from 2 to 10 m in the Little River watershed and is underlain by the relatively impermeable Hawthorne Formation, which prevents the downward movement of surficial groundwater (3, 4) . Surface water in this watershed is used for irrigation and recreation; shallow groundwater is used for domestic water supply and irrigation (55) . Recreational activities in the Little River include fishing, swimming, and boating. The area is 44% forested, 25% cultivated, 15% pasture, 13% wetlands, and 3% urban (55) . The watershed contains intensive row-crop corn, soybean, peanut, and cotton farms (20) , as well as approximately 7,700 head of cattle, 500 swine, and two poultry houses that produce approximately 440,000 broiler chickens per year (55) .
Samples were collected from six stations along the upper reaches of the Little River and its tributaries (Fig. 1) . Sites I and F, the most upstream stations, were located on the Little River in Turner County near the city of Ashburn, which has a population of approximately 9,000, with 4,000 housing units, 1,500 septic tanks (38% of all households), and one wastewater treatment plant (57 (59) . Ten milliliters and 1 ml were passed, in duplicate, through 0.45-m-poresize mixed cellulose ester membranes and placed on modified mTEC agar plates. Plates were initially incubated at 35 Ϯ 0.5°C for 2 Ϯ 0.5 h and then transferred to a water bath at 44.5 Ϯ 0.2°C for 22 Ϯ 2 h. E. coli cells were enumerated by counting the red and magenta colonies. Samples were also screened for enterococci by membrane filtration using mE agar (Becton Dickson) with indoxyl ␤-D-glucoside (Sigma-Aldrich, St. Louis, MO) following U.S. EPA method 1600 (58) . Plates were incubated at 41 Ϯ 0.5°C for 24 Ϯ 2 h. Enterococci were enumerated by counting all colonies with a blue halo. All bacterial fecal indicators were reported as CFU 100 ml Ϫ1 . The limit of detection for both indicators was 5 CFU 100 ml Ϫ1 . (ii) Salmonellae. Within 24 h of sample collection, Salmonella spp. were enumerated using a three-step most-probable-number (MPN) assay involving pre-enrichment, enrichment, and selection. Five replicates of three 10-fold dilutions (1 to 100 ml) were pre-enriched with a 1% buffered peptone water solution (pH 7.2 Ϯ 0.2) and incubated at 37°C for 18 to 24 h. One-hundred-microliter aliquots of the overnight enrichments were then added to individual 10-ml aliquots of Rappaport-Vassiliadis broth (Becton Dickinson, Franklin Lakes, NJ) and incubated at 43°C for 24 Ϯ 2 h for selective enrichment of Salmonella. Ten microliters of the Rappaport-Vassiliadis broth enrichment was then streaked onto xylose-lysine-deoxycholate (Becton Dickinson) agar for isolation at 35°C for 24 Ϯ 2 h. Colonies that appeared black were presumptively identified as Salmonella and further streaked to obtain a pure isolate. Positive (Salmonella enterica serotype Berta) and negative (no inoculate) controls were used to ensure the quality of culture results. The limit of detection for Salmonella was an MPN of 1.8 liter Ϫ1 . Suspected Salmonella isolates were identified to the genus level using Enterotube II (Becton Dickson) assay. Colonies that were positively identified as Salmonella were grown overnight in 10 ml of tryptic soy broth and then amended with glycerol (LabChem, Pittsburgh, PA) (20% final concentration) and dispensed into 1-ml aliquots before freezing at Ϫ80°C. Replicate cultures from each isolate were shipped to the Salmonella Reference Center (SRC; University of Pennsylvania New Bolton Center) for serotyping.
Rainfall data. Daily precipitation data for each site were obtained from the USDA Southeast Watershed Research Laboratory precipitation archives (http: //www.tifton.uga.edu/sewrl/archived_data.htm). Each station, except site 03, was equipped with a rainfall gauge that collected daily precipitation readings for the duration of the study. Site 03 precipitation data were estimated from site O data (USDA Southeast Watershed Research Laboratory, personal communication). The daily precipitation total for each of the 7 days prior to sample collection, the 1-, 2-, 3-, and 4-week totals, and the 4-week daily average prior to sample collection for each site were calculated. Precipitation data were also pooled to estimate the mean for the watershed.
Statistical analyses. Data were analyzed using SAS release 8.2 (Cary, NC). For all bacterial counts, a value of zero was used for any sample with concentrations below the limit of detection. All microbial counts were log transformed to obtain a normal distribution and for statistical analyses; geometric means were calculated for presentation of data in the text and figures. Pearson linear correlation coefficients were determined to describe the relationships between the transformed Salmonella and fecal indicator bacterial concentrations and between the microbial densities and environmental parameters. Differences in mean microbial densities and environmental parameter means were determined using repeated-measures analysis of variance followed by Tukey's honestly significant differences test. We evaluated differences in the frequencies of recovered serotypes among sampling sites and seasons with Friedman's 2 test followed by Tukey's honestly significant differences test. Binary logistic regressions were run to determine the relationship between environmental parameters and presence of Salmonella spp. and specific serotypes. For all measures of association, P values of Յ0.05 were considered significant. Only those environmental parameters that showed significant relationships with microbial levels were reported.
RESULTS
Spatial variability. Twelve samples were collected from each site between April 2005 and April 2006 (72 samples total). E. coli cells were detected in all samples, but concentrations varied significantly by site (Fig. 2) (P Ͻ 0.05), with the highest mean E. coli concentrations observed at site 03 (geometric mean, 389 CFU 100 ml Ϫ1 ) and the lowest concentrations observed at site B (geometric mean, 45 CFU 100 ml Ϫ1 ). Similarly, enterococci were detected in all samples, while concentrations varied significantly by site (Fig. 2) (P Ͻ 0.05), with the highest levels at site 03 (geometric mean, 1,265 CFU 100 ml Ϫ1 ) and the lowest concentration at site B (geometric mean, 92 CFU 100 ml Ϫ1 ). Salmonellae were detected in 79.2% of the samples (57/72), and detection ranged from 75% positive (9/12) at stations I, F, and 03 to 83.3% (10/12) positive at stations N, O, and B. Although not significantly different, the highest geometric mean density was observed at site B (MPN of 7.46 1 liter Ϫ1 ) and the lowest was observed at site F (MPN of 4.96 1 liter Ϫ1 ) (Fig. 2) .
Conductivity was the only water quality parameter that varied significantly by site and was significantly higher at site 03 than at all other stations (P Ͻ 0.05).
Temporal variability. (i) Environmental parameters. Estimates of daily rainfall (cm) for each of the 3 days immediately preceding the sampling events were significantly correlated with microbial levels. Other precipitation measures (e.g., any rainfall measurements or totals for Ն4 days prior to the sampling) showed no significant relationships in this study; therefore, the discussion of rainfall effects is limited to data from Յ3 days preceding each sampling event. Total precipitation for the 1, 2, and 3 days preceding the sample collection differed significantly between sampling dates (P Ͻ 0.05) ( Table 1 ). The total precipitation for the 1 and 2 days preceding sample collection in August (0.82 cm for both time points) was signifi- (Table 1) . Mean water temperatures were significantly higher in July (25.9°C), August (25.5°C), and September (25.8°C) than all other months (P Ͻ 0.05) ( Table 1 ). The lowest mean temperature was observed in February (7.9°C) and was significantly lower during this month than all other months (P Ͻ 0.05) ( Table 1) . Water temperature data were not recorded in November due to instrument failure. The other measured parameters (conductivity, pH, DO, turbidity, oxidation reduction potential, fluorescence, and chlorophyll a) did not vary significantly over the study period.
(ii) Fecal indicator bacteria. E. coli concentrations varied significantly by month (P Ͻ 0.05). The highest geometric mean E. coli level was 558 CFU 100 ml Ϫ1 in June, while the lowest geometric mean level was 50 CFU 100 ml Ϫ1 in November. Geometric mean E. coli levels in June were significantly higher than levels in September and November (P Ͻ 0.05). Enterococcus levels also varied by month, with the highest geometric mean levels observed in July (712 CFU 100 ml Ϫ1 ), February (657 CFU 100 ml Ϫ1 ), and August (629 CFU 100 ml Ϫ1 ) and the lowest geometric mean levels observed in January (76 CFU 100 ml Ϫ1 ) (P Ͻ 0.05). (Fig. 3) . Salmonella densities varied significantly over the study period and were significantly higher in August than all other months except May, June, and March (P Ͻ 0.05) (Fig. 3) . Over all samples collected, Salmonella densities ranged from nondetectable (MPN of Ͻ1. 8 Mean watershed Salmonella densities (n ϭ 12; with all stations averaged for each month) were significantly correlated with the total precipitation for the 1 day (r ϭ 0.77, P ϭ 0.0012) and 2 days (r ϭ 0.68, P ϭ 0.0014) preceding sample collection. When analyzed with all sample points individually (n ϭ 72), Salmonella densities were also positively correlated with rainfall for the 1 day (r ϭ 0.29, P ϭ 0.0151), 2 days (r ϭ 0.29, P ϭ 0.0136), and 3 days (r ϭ 0.17, P ϭ 0.0279) preceding sample collection. Salmonella densities also were positively correlated with water temperature at the time of sample collection (r ϭ 0.44, P Ͻ 0.05), which is consistent with its seasonal and monthly distribution.
Salmonella serotype distribution. In total, 197 Salmonella enterica isolates, representing 13 different serotypes, were recovered from the Little River watershed during the 12-month sampling period (Table 2 ). More than one serotype was detected in 28 of the 72 water samples collected (38.9%), and more than 2 serotypes were detected in 18 of the samples (25%). In three samples (all collected in August), five serotypes were detected. Eighty of the 197 isolates (40.6%) were identified as Salmonella enterica subsp. arizonae by biochemical analysis. Of the remaining 117 isolates, 109 were identified as Salmonella enterica subsp. enterica and were further identified to serotype (Table 2) ; 8 isolates were either not typeable or were not typed (2 and 6 isolates, respectively). Muenchen (28 isolates, 14.2%), Rubislaw (26 isolates, 13.2%), and Mikawasima (12 isolates, 6.1%) were the three most frequently isolated serotypes from this watershed.
A median of 32 isolates were recovered at each station over the study period and ranged between 27 isolates at station B and 43 isolates at station N. Among these, the number of serotypes found at each station did not differ significantly; as few as four serotypes were detected at station N and a maximum of 8 serotypes were detected at stations I and 03. The most frequently isolated serotypes were Muenchen at station I (15 of 43 isolates recovered) and Rublislaw at station B (9 of 27 isolates recovered); S. enterica subsp. arizonae was most commonly isolated serotype at all other stations.
Isolates recovered by month ranged from a low of 2 in April 2005 to a high of 39 in August. Likewise, most serotypes were (Table 2) . Among individual serotypes, the frequency of detection also varied monthly. This was particularly noted in serotypes Rubislaw and Muenchen, which were detected at their highest rates in July and September, respectively (Table 2) . S. enterica subsp. arizonae isolation frequencies also differed significantly, with the highest isolation frequency in May (17 isolates) and the lowest in February and November (0 isolates) (P Ͻ 0.05) ( Table 2) . Overall, S. enterica subsp. arizonae showed the broadest temporal range in detection and could be found throughout the year (except for November and February) when few or no other serotypes were isolated.
Water quality parameters. While salmonellae were detected 100% (10/10) of the time when E. coli thresholds were exceeded and 84% (32/38) of the time when enterococcus thresholds were exceeded (based on the U.S. EPA single-sample limit for infrequently used bathing waters [23] ), the pathogen was also found at a high frequency below the threshold standards (76% [42/55] of samples were Salmonella positive at E. coli levels of less than 576 CFU 100 ml Ϫ1 and 71% [15/21] were positive at enterococcus levels below 151 CFU 100 ml Ϫ1 ). Furthermore, neither indicator provided significant predictive value by binary logistic regression for the presence of Salmonella (all serotypes) or the clinically relevant Salmonella serotypes (all Salmonella serotypes excluding S. enterica subsp. arizonae, I 4, [5] :b, Mikawasima, and 47:z4z23). E. coli varied inversely with oxidation reduction potential (r ϭ Ϫ0.32, P Ͻ 0.05), while enterococci were positively correlated with conductivity (r ϭ 0.54, P Ͻ 0.05). E. coli and enterococcus concentrations were not significantly correlated with each other or with any rainfall metric.
Salmonellae were not significantly correlated with other measured water quality parameters, except for DO, which was only significant at site O (r ϭ Ϫ0.84, P Ͻ 0.05).
DISCUSSION
Although the majority of salmonellosis outbreaks have been linked to the consumption of contaminated foods (40) , Salmonella is considered a leading cause of waterborne disease outbreaks (33) and is commonly isolated from environmental sources, including surface waters (18, 38, 47) . Several large regional outbreaks of salmonellosis have been linked to contaminated water supplies (1, 25, 33) and exposure sources include recreational use, home water use, and consumption of produce irrigated with contaminated water (33, 45, 60) .
The Little River watershed is located within Georgia Public Health District 8-1-a region that consistently reports salmonellosis case rates that exceed the mean rate for both the United States and the state of Georgia (14, 15) . In 2007, this district had a case rate of 58.3 cases per 100,000, while the rate for the state of Georgia was 21.8 cases per 100,000 and that for the United States was 14.9 cases per 100,000 (14, 15, 26, 27) . Salmonella exposure routes in this sparsely populated region are not well defined and frequently not epidemiologically linked to specific food items (Susan Lance, GA Division of Public Health, personal communication). Surface water in this study region is used for irrigation and recreation, and shallow groundwater is used for domestic water supplies and irrigation (55) . Groundwater and surface water in this watershed have been described as being substantially interconnected due to the presence of loamy sand soils (9) . Septic systems (up to 37% of all households in counties included in this study), pivot irrigation systems, as well as food animal agriculture and wildlife throughout the watershed may all be potential sources of Salmonella in the Little River area. Within the study area, all stations were influenced by agriculture (25% cultivated land and 13% pastureland) and limited urban development (3% urban); however, station 03 was proximal to a research farm containing cattle and a pivot irrigation system. While significantly higher concentrations of both E. coli and enterococci were observed here, geometric mean Salmonella concentrations did not vary significantly between the six stations; however, the highest number of serotypes was recovered from this station (8, along with station I). This suggests that both close proximity to livestock and agricultural activities as well as non-point sources throughout a rural watershed contribute Salmonella loading to surface water.
The incidence of human salmonellosis peaks in summer months throughout the world (21, 24, 32, 42) ; although high case rates coincide with peak annual temperatures, it remains unclear which factors drive this seasonality regionally or how this pattern might relate to the presence of the pathogen itself in the environment. The occurrence and persistence of Salmonella in ambient waters may be governed, in part, by extrinsic parameters such as temperature and water chemistry (41, 51, 65) or by seasonal changes in loading from human (43) and animal hosts (53, 54) , which may vary spatially and temporally with disease incidence. In the Georgia Coastal Plain, which includes the Little River watershed, rainfall annually peaks in the summer months. Over the study period, both rainfall and temperature were positively correlated with Salmonella levels in the watershed. This suggests that multiple environmental factors, likely including host shedding, enhanced environmental persistence of the pathogen at warm temperatures, and loading during storm events, facilitated the increased prevalence of Salmonella during summer months within this watershed.
In addition to seasonally high concentrations, samples collected in wet and warm summer months also resulted in the highest serotype diversity over the year, with multiple samples containing five different serotypes concurrently. Patterns in serotype prevalence may be related to variable persistence in the environment, with some better suited for survival during warmer months (23, 38, 46, 64) . The increase in total serotypes detected may also be related to an overall increase in loading to the watershed during the months with the highest precipitation.
In total, 13 different Salmonella serotypes, including Salmonella enterica subsp. arizonae, were isolated from our study region. This is consistent with other studies of Salmonella spp. in surface waters which have typically isolated less than 20 of the greater than 2,500 known Salmonella serotypes (12, 38, 46, 61) . This small range of the environmentally recovered serotypes may reflect the relatively small assortment of serotypes that commonly infect humans and animals as well as differential environmental persistence among serotypes at different temperature ranges. Of note, some of the more common human and animal clinical serotypes such as Enteritidis, Typhimurium, Heidelberg, and I 4, [5] ,12:iϪ were not recovered during our study period even though common hosts of these serotypes were present in the watershed (cattle, poultry, and swine) and could reflect lower survival rates of these serotypes in natural environments.
S. enterica subsp. arizonae was the most commonly recovered serotype in this study (40.6% of all isolates) and samples were found consistently throughout the year. Given that this region has a high density of wetlands, results suggest that local reptile populations may be a significant source of total Salmonella in this watershed (35) .
Of the 12 remaining serotypes recovered, 9 were common clinical serotypes in Georgia (Anatum, Bareilly, Braenderup, Gaminara, Muenchen, Montevideo, Saint Paul, Rubislaw, and Liverpool) (15) . In particular, Muenchen (28 isolates) and Rubislaw (26 isolates) were the most frequently recovered serotypes (following S. enterica subsp. arizonae) in this study and, respectively, represented the 6th and 15th most common serotypes among reported human cases in District 8-1 between 2000 and 2006. The relatively high prevalence of Muenchen in this watershed is of epidemiological significance given its increasing frequency in human clinical cases in Georgia over the past 10 years (34% increase from 1995 to 2004) (13) . Furthermore, this serotype has been previously linked to non-animal product-associated outbreaks of salmonellosis (8, 48) .
Conclusions. Salmonella infections continue to cause significant morbidity worldwide, and outbreaks are increasingly associated with nonfood animal products. Defining the potential role of environmental reservoirs of Salmonella in the transmission pathways of human illness is critical to further reduce disease burden. Results from this study suggest that in mixedland-use areas (such as the Coastal Plain) water could play an important role in the epidemiology of salmonellosis. Seasonal patterns in surface water loading and serotype distribution, influenced by elevated temperatures and rainfall patterns, coincide with increased summer case rates and support the notion of an environmental reservoir for Salmonella.
